Abstract: This paper aims to compare a forward and backward simulation of the power propulsion system of an automatic subway. In the forward approach the control of the system is required. In the backward approach, no control is required but a derivative relationship has to be computed. Both simulations are compared in terms of accuracy of dynamical performances, maximal values of different variables and energy consumption and specifically when limitations occur.
INTRODUCTION
Simulation is a key issue in the development of new transportation systems (Eshani et al, 2005) (Gao et al., 2007) (Chan et al., 2010) . Indeed, energy consumption of transports is a challenge for the next decades (Rufer et al. 2004 ) (Chan, 2007) (Barrero et al., 2008) . Even though, electric trains, tramways or subways have a high efficiency in comparison with other vehicles, new concepts are developed for the reduction of their consumption of energy (Foiadelli et al., 2006) (Destraz et al. 2007 ) (Steiner et al., 2007) (Ruelland et al. 2007 ). Different modelling and simulation approaches are used in function of different objectives (Guzella et al. 1999 ) (Trigui et al. 2004 ) (Chen et al. 2009 ), in classical softwares (Onoda et al 2004) (Amrheim et al., 2005) , or for the development of dedicated softwares (Wipke et al. 1999 ) (Dempsey, 2006) , In the forward approach, the simulation is realized from the cause (manipulation of energy) to the effect (velocity of the vehicle) with respect to the physical power flows in the system. A causal description is thus required: the integral causality yields a physical delay between inputs and outputs, as in the real system (Iwasaki et al, 1994) (Hautier et al, 2004) . But, in order to get the desired velocity, a control must be defined. Indeed, the control loop will defined the energy needed to move the vehicle with the desired velocity. The drawback of such a method is thus that a control has to be designed. The advantage of a forward simulation is that any velocity can be achieved without prior knowledge of its evolution, as in the real life (Chan et al., 2010) . Generally, a forward approach is more dedicated to define and tune the control of a system. In the case of the control, dynamical models are used and for study the energy consumption, we used statics models. Energetic Macroscopic Representation (EMR) (Bouscayrol et al. 2000 ) (Delarue et al., 2003 ) is a graphical description based on a forward integral causality for the development of control schemes. EMR has been successfully applied to HEVs (Chen et al, 2004 ) and innovative subways (Verhille et al, 2004 ) (Allègre et al., 2010) .
In the backward approach, the simulation is realized from the objective (drive cycle) to the cause (required energy) (Trigui et al., 2004) . It is a way to anticipate to the energy needed to move the vehicle. Most of the time, static models are used because theirs inputs and outputs can be changed in any direction. Moreover the main dynamics of the system is considered and a differential equation is computed using a derivative causality. The advantage of a backward approach is that no control is required. The drawback of such a method is that the drive cycle must be known in advance because the derivation of velocity. Generally, a backward approach is used to have an overview of energy consumption and for component design. Many structural softwares use a backward approach such as PSAT (Milano, 2007) , ADVISOR (Wipke et al., 1999) , Dynmola (Dempsey, 2006) , etc.
The objective of this paper is to investigate the difference between a forward and backward simulation of the propulsion system of an automatic subway and specifically when limitations occur. In a previous paper (Horrein et al., 2011) , the difference between dynamic, quasi-static and static models have been studied in terms of computation time and accuracy of energy consumption. In this paper, only a static model of the electric drive is considered. Forward and backward simulations are thus compared in terms of computation time, accuracy of dynamical performances, maximal values and energy consumption. The case of control limitations is specifically studied because most industrial applications have active limitations.
STUDIED TRACTION SYSTEM
Subway VAL 208 is composed of two cars driven by 8 Permanent Magnet Synchronous Machines (PMSM), supplied by Voltages Source Inverters (VSI). Each machine is connected to a wheel through a gearbox (Fig. 1) . A complete dynamical model has been developed for simulation. The initial dynamical model has been validated by comparisons with experimental results obtained on a real subway (Verhille et al 2007) . Different simplifications have been studied (Allègre et al, 2010) (Horrein et al., 2011) . Only a static model of the filter and the electric drive are considered in this paper. Indeed, for a global approach, such models yield a good accuracy while the computation time is significantly reduced (Horrein et al., 2011) .
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where R 1 is the series resistance of the inductor and R 2 is the parallel resistance of the capacitor.
The capacitor voltage is imposed to 8 electric drives by a parallel connection. Because neither curve nor slipping phenomena are taken into account, all electric drives have the same behaviour. A unique drive is considered and the total current i tot induced by the traction system is the current of the equivalent drive i vsi multiplied by 8 (Allègre et al., 2010) :
Electric drive -Each electric drive is composed of a PM synchronous machine, a Voltage-Source-Inverter and their controls. A dynamical model of the drive has been compared with different quasi-static and static models (Horrein et al., 2011) . For the global performances of the subway and for the determination of the energy consumption, a simple static model yields a good accuracy reducing significantly the computation time. In this paper, the simpler static model is chosen with a constant efficiency. 
Where η ed =89,8 % is the average efficiency of the entire electric drive (machine and power electronics).
Mechanical transmission -The mechanical power train is composed of a gearbox and a wheel which provide the traction force F wh from the machine torque, and the wheel rotation speed Ω wh from the subway velocity v sub :
Where k g is the gearbox ratio, R wh is the radius of the wheel and the gearbox efficiency is considered constant at
Of course the wheel force is multiplied by 8 in order to obtain the total traction force F tot :
The dynamical relationships of the chassis yields the subway velocity v sub as state variable, defined from the total traction force and the resistive force F res :
With M the total mass composed of the subway mass and the equivalent masses of the rotating parts. The resistive force is composed of a rolling force (related to the velocity), a drag force (related to the square of the velocity) and the slope force:
Where A is the rolling coefficient, B the drag coefficient, g the gravity and α the slope in percent.
FORWARD AND BACKWARD DESCRIPTIONS

Forward description
A forward description is organized using EMR (Fig. 2) . Inputs and outputs of each element have been defined from the initial dynamical modelling and the causality principle (exclusive physical and integral causality) (Verhille et al., 2007) (Horrein et al., 2011) . The filter is a mono-physical conversion element (see Appendix) described by an orange square. The parallel connection is an amplification element, described by an orange square, due to the assumption of an equivalent drive. The drive is a multi-physical element described by an orange circle. The mechanical transmission is a mono-physical conversion element. The coupling of traction forces is an adaptation element. The chassis is an accumulation element, described by an orange crossed rectangle, which yields the subway velocity v sub as state variable, i.e. an output according to the causality principle. All elements are connected according to the interaction principle and the product of the action en reaction variables leads to the power exchanged between two elements. (1) (2) (3) (4) (5) (6)
(10) (11) (12)
Fig. 2: EMR and control of the traction system
It should be noticed that relationship (7) is computed in integral causality:
Inputs and outputs of each element are defined according to the integral causality, i.e. by the sources outputs and the accumulation element output.
Because of the forward approach, a control is required to obtain the reference torque T sm-ref which will lead to the desired velocity. According to the EMR rules, an inversionbased control can be derived as follows. Relationship (9) is inverted using a closed-loop control, in order to avoid a derivative relationship. The reference total force F tot-ref is obtained from the closed-loop control of the velocity and the compensation of the resistive force:
Where C(t) is a controller, which has to be defined in function of the technical requirements and the system characteristics.
Relationships (5) and (6) 
It should be noticed that, at this step, all variables are assumed to be measured. Simplifications and estimations could be defined in further steps.
Backward description
EMR is based on the respect of the physical power flows and integral causality. Because backward approach uses derivative causality, EMR can not be used with this approach. However a similar graphical description is proposed to better understand the difference (Fig. 3) .
The backward description is defined using the same models (same assumptions and relationships), but inputs and outputs are chosen to obtain the supplied current i L from the drive cycle and the resistive force to the motion (Fig. 3) . In that case the relationship (7) is computed in a derivative causality, which requires a specific solver. (1) (2) (3) (4) (5) (6) (7) env. No control is required to find the evolution of each variable to obtain the desired velocity (v sub =v sub-ref ) . A strong assumption is induced: the control is well achieved and all disturbances are well rejected. Moreover, because the total force F tot is computed from the derivative of the velocity, the drive cycle must be known in advance and without discontinuities. Because the automatic subway has a dedicated track, we can consider that the drive cycle is wellknown and repeatable. One can notice that it is not the case of other vehicles such as cars and trucks.
Torque limitation
For economical reasons, a lot of systems are downsized and limitations are taken in account. Torque limitations (Fig. 4) of electrical drives are considered. With the forward simulation, this limitation is implemented in the control after the computation of (12). With the closed loop control, the velocity will be impact. Because the torque is limited, the velocity can not follow the reference (v sub ≠ v ref during limitation).
In backward simulation no control is required. The limitation can not be considered with this approach and errors on the simulation result could be occurred (v sub =v ref ).
SIMULATION RESULTS
A trapezoidal drive cycle is considered between two stations separated by 1 500 m. The two approaches are simulated in Matlab-Simulink©. Two different cases are studied. In the first case, a light acceleration is studied: no torque limitation is activated. In the second case, a stronger acceleration is studied: the torque limitation of the machines is activated.
Simulation of a light-acceleration drive cycle
In the first case, an acceleration of 0.45 m/s² is imposed. Because of the control is well tuned, the vehicle velocity is closed to its reference ( Fig. 5.a) . Remember, that the backward velocity is equal to the reference velocity. The traction powers and energy consumption of both simulation approaches (Fig. 5.b) (Fig. 5.c) are very closed.
Simulation of a strong-acceleration drive cycle
In the second case, an acceleration of 1.5 m/s² is imposed. The torque limitation is activated (Fig. 4) and impact the velocity (Fig. 6.a) . Moreover, in order to reach the station, the travel must have a longer duration (6.1 s). In the forward approach, because of the use of the control part, the limitation of torque is activated and the closed-loop enables to adapt the velocity in function of this new constraints. It can not be made in the backward approach because the velocity is considered equal to the reference, and limitation can not be anticipated. The impact of the limitation is first on the maximal power: the backward power is more than twice the forward power, due to the torque limitation (Fig. 6.b) . That means that most of the maximal power and variables of the different traction components have different values in the both cases. It will have an impact on the design of these components.
The impact on the energy is less important that on the power (Fig. 6.c) . When the power is limited, the travel time is increased. The power area is thus different but of similar value: the difference of energy is not so important. The different parts of the resistive force are just not activated for the same duration.
Comparison of both simulation approaches
The differences are summarized in Table 1 in the case of torque limitation. First, the computation time in the backward simulation is shorter. Such a reduction could be valuable for simulation of numerous subways on a complete track.
But this backward simulation leads to some errors when there is a limitation. In the studied case, this error represents 7.4% in the travel time, 165 % in the maximal value of power and only 2.5 % on the total energy consumption. In function of the study objective, such errors can be acceptable or not. For example in the design process of subsystems or components, a backward approach could lead to an important oversize because of power error. On the contrary, in the energy assessment of different traction topologies, the difference seems not so relevant.
Only a case of study has been presented. Other conditions or disturbances can occur on the systems and the result has to be carefully compared. 
CONCLUSIONS
Two simulation approaches have been studied for the power propulsion systems of an automatic subway. There are based on the same models of components. The forward approach requires a control and can thus simulate any case, even when some disturbances or limitation occurs. The backward approach does not require a control part, but the knowledge of the drive cycle is needed; this induces that disturbances and limitation can not be taken into account.
Two drive cycles have been simulated, with and without torque limitation. The backward simulation has the shorter computation time, but yields some errors when the torque limitation is activated.
The choice of the simulation approach (forward or backward) depends of the objective. Indeed the accuracy of the results of a backward simulation can have an influence or not on the study. Other limitations or disturbances have to be studied.
